Abstract-In this work, dynamic downlink power control schemes based on user type identification are proposed for LTE (Long Term Evolution) femtocells. In the proposed schemes, the users are distinguished by their serving cells and service types, and the power control is performed accordingly. Moreover, with a variable setting of data rate offset, the proposed schemes can achieve superior performance in terms of a well-balanced data throughput and coverage.
I. INTRODUCTION
As one of the important features of LTE, femtocell is developed to overcome the indoor coverage problem [1] . Small base stations, known as HeNBs (Home evolved Node B) in LTE terminology, are deployed in femtocells. HeNBs generally have a maximum transmit (Tx) power of 10-20 dBm, which results in a covered range of 10-30 meters. Due the shield of electro-magnetic wave caused by building walls, HeNBs are supposed to have limited interference to the outdoor users, while giving the indoor users a seamless mobile connection.
HeNBs utilize the existing wired infrastructure to connect to the backbone network, thus can be deployed in large scale. The initial configuration and later operation of the HeNB should be in a self-organized manner, such that the mobile users do not need experts to help them to deploy femtocells at home or in the offices. The plug and play nature of HeNBs leads to many restrictions on designing the management algorithms. Unlike the eNBs, which are in fixed locations and always online, HeNBs can be moved from one room to another, or be turned on and off randomly. Algorithms which use static location information become infeasible, and autonomous management algorithms are demanded [2] .
HeNBs can either share the spectrum with the macro base station, which is called eNBs (evolved Node B) in LTE terms, or use a dedicated channel. Although the dedicated channel deployment avoids the problem of co-channel interference (CCI), both eNBs and HeNBs can only have a part of the available spectrum, thus have smaller bandwidth and possibly lower data throughput [3] . Due to this reason, partial sharing of the spectrum is usually preferred, where the eNBs can use the full available frequency band and HeNBs can use only a This work is partially supported by UMIC, a research project in the frame work of the German excellence initiative. part of it. The overlapped frequency band leads to CCI, which should be mitigated by using radio resource allocation and Tx power control.
In previous works, the power control algorithms are usually based on the signal to interference plus noise ratio (SINR) [4] . However, in LTE systems, the downlink SINR level is typically unavailable at the base station. Instead, 3GPP LTE standards specify a highly quantized channel quality indicator (CQI), which is send from UEs to eNBs or HeNBs, as an indication of the channel quality. Actually, the quantized CQI results in a finite solution set, thus makes the power control problem easier to solve. The method proposed in this work heavily depends on the CQI feedback mechanism. Furthermore, power control schemes for the overlayed macrocell and femtocell often come with strong assumptions. In [3] , the full knowledge of the network layout is a prerequisite. Two methods proposed in [5] guaranties the indoor home-UE (HUE) to have at least the same received power as if it is an outdoor macro-UE (MUE). However, those two methods either demands a large amount of information, such as cell locations, power levels, antenna orientations and gains etc. or assumes a perfect feedback channel. The scheme mentioned in [6] utilizes additional uplink receive (Rx) power from MUE to improve performance, but it has similar drawbacks as aforementioned. In [7] , a centralized solution with the assumption of perfect coordination among eNBs and HeNBs is suggested.
Another issue of the existing methods is, the service type of UE is not taken into account. Since different services have different data rate demands, using small Tx power for low demand services would significantly reduce the interference to the other UEs without sacrificing the throughput or coverage.
The main contribution of this work is a fully decentralized, self-organized heuristic for the downlink power control and interference mitigation in LTE femtocells. The proposed power control schemes dynamically adjust the Tx power to adapt to the UE types and quality of service (QoS) requirements. No strong assumptions, such as the knowledge of the whole network or location of every UE, are needed by the proposed scheme. Additionally, according to the network environment, HeNBs can update their settings to further improve the performance. The proposed scheme is able to produce a considerable performance gain in Monte-Carlo simulations. 
II. PRELIMINARIES

A. Femtocell deployments
The deployments of femtocells can be categorized in two ways, namely, according to the spectrum allocation and access mode.
As mentioned before, the femtocells can use a dedicated channel, or, to efficiently use the spectrum resources, HeNBs can use overlapped spectrum with eNBs. Due to the small coverage of the HeNB, it is not likely for a HeNB to serve many UEs. Thus, the HeNB can use only a part of the available frequency band to avoid CCI. The partial sharing scheme also enables smart resource allocation in eNBs, where their exclusive part of the spectrum can be allocated firstly [2] . Furthermore, HeNBs can use different part of the frequency to avoid interfering each other. However, coordination among neighboring HeNBs will be needed. In this work, the partial sharing illustrated in Fig. 1 is considered.
According to the access mode, femtocells can be divided into open access and closed subscriber group (CSG). All the UEs, which are close enough to a HeNB, can be handed over to the HeNB in open access mode, whereas only the licensed UEs can be served in the CSG mode. In CSG mode, the unlicensed MUE can potentially suffer from strong interference from the nearby HeNBs. From commercial point of view, since the femtocells are intended to be deployed by the end users, who pay for the HeNB to boost the signal strength on their own devices, it is unlikely that they would use the open access mode. Due to this reason, only CSG is considered in this work.
B. System model
The cellular system is mostly interference limited, which means the SINR calculation relies on identifying the interference sources. The CCIs for different UEs are illustrated in Fig. 2 . Consider a cellular network with M macrocells, a MUE v served by eNB m is interfered by the other M − 1 eNBs. In addition, if it is close to HeNBs, the HeNBs are also the source of interference. The SINR of MUE v can be written as
where
are the Rx power from the serving macrocell, interfering macrocells and interfering femtocell, respectively. N is the thermal noise power. F is the number of interfering femtocells. The SINR of a HUE u can be calculated in a similar way
The term P
represents inter-femtocell interference, which is likely to exist when the femtocells are densely located. Although the power and noise are typically changing over time, for the sake of simplicity, time indices are omitted here, and the formulas are valid for a snapshot.
The Rx power on UE side is contributed by several parts, including the Tx power, Tx antenna gain, pathloss and fading. Taking MUE as example, macrocell Rx power P
where P The pathloss is usually modeled empirically. The general form of the pathloss is
where r i,u is the distance between ith eNB and uth UE, A and B are empirically calibrated parameters. Due to the existence of buildings, as depicted in Fig. 3 , an extra wall penetration loss should be applied.
C. Channel quality indicator
To reduce the signaling overhead, LTE specifies the 4-bit CQI as an indicator of the SINR [8] . The SINR is measured at the UE, and compressed into this 4-bit CQI and sent back to the base station [9] . As shown in Tab. I, each CQI value corresponds to an unique modulation and coding scheme (MCS), so that the eNB or HeNB can use high-order modulation and high coding rate for high spectral efficiency in channels with high SINR, or, low-order modulation and low coding rate for good error protection in channels with low SINR.
The CQI is chosen as the input of the proposed algorithm for two reasons. Firstly, in current LTE standards, it is not possible to get more accurate information about the downlink SINR other than using the CQI. Secondly, instead of a continuous variable of SINR, CQI is discrete and has a relatively small cardinality, which can significantly simplify the optimization process. In this work, CQI is modeled as a linear step function of SINR, where the step size of SINR defined as ΔP Tx,CQI can be obtained by extensive simulations, as shown in Fig. 4 [10]. It is also assumed that CQI values are accurate and available for each subcarrier.
D. Service types
The services of the users have different priorities, data rate and QoS requirements, and accordingly, they are modeled into three different classes, as shown in Tab. II. VoIP service has the highest priority and a fixed data rate of 64 kpbs. It is margin adaptive (MA), as the Tx power should be minimized, while the data rate requirements are satisfied. The data service has a medium priority and a fixed data rate between 512 kbps and 2000 kbps. The web service has the lowest priority and it is rate adaptive (RA). That means if the data rate meets the lowest requirement, the UE is satisfied, however, the data rate should be maximized subject to the power limit [12] . The percentage of UEs using each service is also given in Tab. II. 
E. Resource allocation
A decentralized resource allocation scheme is adopted for both eNB and HeNB. The base station first sorts its associated UEs according to their priorities. Following this order, one by one, the UEs pick the physical resource block (PRB) with highest CQIs, until their data rate requirements are fulfilled. After that, the rest of the radio resources are assigned to the web users. In this procedure, each eNB or HeNB makes their own decision, regardless the assignment of the others.
III. POWER CONTROL SCHEMES A. Power control with fixed data rate offset
The central idea of the dynamic power control algorithms is to gradually raise the Tx power from its minimum until the exact amount of the power which can satisfy all the HUEs is used [13] . In this sense, the QoS is guaranteed without causing too much interference to the other UEs. For MA users, it is rather straight forward, the target throughput is the minimum throughput requirement T (FC) target,u = T (FC) min,u . However, it is more difficult to deal with RA users, since the data rate should be maximized subject to the power limit. A simple heuristic is to set a data rate offset α ≥ 0 Mbps for the web users, such that the web users can have an incremental throughput of α. So the data rate requirement for web UE becomes T (FC) target,u = T (FC) min,u + α. With α = 0 Mbps, the web users will have only the minimum data rate, whereas with α → ∞ Mbps, the web users are really rate adaptive.
As illustrated in Algorithm 1, the HeNB first set its Tx power to the minimum P (F C) Tx,min , and then calculate the target throughput T (FC) target which is the summation of data rate demand of all the HUEs served by this HeNB. After that, for each HUE, its required number of PRBs is calculated with proportion of the individual throughput requirement to the overall throughput requirement in that femtocell. The · operator makes sure that each UE get at least one PRB. The throughput target and number of PRBs can be translated into 
Tx,CQI + ΔP Tx end while end for end function end for the spectral efficiency. And the target CQI is calculated, using the spectral efficiency to CQI mapping function g(·), which can be obtained from Tab. I. For each HUE, the power will keep rising with a granularity of ΔP Tx until the actual CQI Q is greater than or equal to the target CQI R, or the Tx power reaches its maximum. The value of ΔP Tx determines how fast this algorithm converges. Since the CQI is always an integer, one can find that it changes value only if the variation in SINR is large than its step size ΔP Tx,CQI by observing Fig. 4 . Considering multiple close-by femtocells can influence each other, ΔP Tx = ΔP Tx,CQI /2 in this work.
B. Power control with variable data rate offset
The selection of α is greatly important for this power control algorithm. Generally speaking, there is a trade-off between throughput and coverage. Larger α leads to a higher throughput for the HUEs but potentially lower overall coverage, due to the large interference to the MUEs. Although α → ∞ Mbps always results in a target CQI R = 15, it is not equivalent to using maximum Tx power, because the algorithm stops at the point where the actual CQI Q reaches R.
Other than using a predetermined value for all the HeNBs, α can also be tuned as a variable. In this case, HeNB listen to the uplink channel and detect how many UEs are within its covered range [14] , and adjust its Tx power accordingly. 
end for is the number of interfered HUEs in the covered area and β is a control parameter. As the number of interfered HUEs increases, α decreases exponentially to avoid interference. In this sense, a well balanced coverage and throughput can be achieved by using the variable settings. This process is done prior to the actual power control algorithm, as summarized in Algorithm 2.
IV. SIMULATION RESULTS
A. Simulation environment
As shown in Fig. 5 (a) , the simulation is conducted for an urban area with 19 eNBs, each serving 3 cells. The intersite distance is 500 meters. Multiple buildings are randomly located in the simulated area. On average, each cell has one building with 40 apartments. The apartments are located in dual-stripe blocks as shown in Fig. 5 (b) [15] . 20% percent of the randomly chosen apartments are equipped with HeNBs in the middle of the rooms. The activation rate of HeNBs is 50%. The penetration loss is L iw = 5 dB for the inner wall and L ow = 10 dB for the outer wall. Some other parameters of the eNB and HeNB are summarized in Tab. III.
In total 400 MUEs are simulated, with 80% of them located indoor. In addition, each HeNB serves 2 HUEs, which are in the same apartment. Mobility models are employed to create realistic movement patterns of the UEs. The indoor UEs can move freely inside the apartments and outdoor UEs can only move along some streets, which are laid orthogonally over the map. The mobility parameters are given in Tab. IV.
The channel gain H is modeled as Rayleigh process using autoregressive filtering [16] , and the pathloss L is modeled as described in Tab. V, where r is the distance between base station and UE, d is the distance between the UE and its projection on the building wall, q is the number of inner walls separating base station and UE. 
B. Metrics and references
In the simulation, the performance is measured for coverage and throughput. Coverage is defined by the overall satisfaction rate of all the UEs. An UE is satisfied, whenever its lowest data rate requirement is met. The calculation of throughput differs from margin adaptive UE to rate adaptive UE. Unlike the calculation using Shannon's formula, a margin adaptive UE cannot have throughput higher than it demands, even if its Rx power can provide such throughput. A rate adaptive UE can get its maximum achievable throughput according to its channel quality.
The following schemes are considered for evaluation: (1). Without power control, all the HeNBs transmit with maximum power. (2). The measurement-based power control from [5] . (3) . The dynamic power control scheme with different settings of α. (4) . The dynamic power control with the variable setting of α. The control parameter β is set to 5.
The measurement-based power control is a conventional method, which aims at providing the HUE in a radius r max at least the same amount of Rx power from the strongest macrocell signal. The Tx power of the measurement-based scheme is
where 
C. Numerical results
The throughput cumulative density functions (CDF) are compared for MUEs, HUEs and all UEs, respectively. For MUEs, the measurement-based scheme (denoted as "Measure") and maximum Tx power have similar bad performance, while due to the reduction of interference, the dynamic schemes perform considerably better. Fixed α = 0 Mbps and variable α have the best throughput at the same time, as depicted in Fig. 6 .
The reduction of interference comes at the price of lower signal power for the HUEs. As shown in Fig. 7 , using maximum power gives the best performance for HUEs. All of the proposed power control schemes have lower throughput than the measurement based scheme and the maximum power scheme. Especially for α = 0 Mbps, as given in Fig. 8 , the penalty for HUEs eventually leads to an evident gap in overall throughput comparing to the other schemes, which all have similar throughput.
The overall throughput is compared in Fig. 9 , where the measurement-based scheme performs almost the same as using maximum power. The scheme with variable α has better throughput. Furthermore, the throughput for the fixed α is almost monotonically increasing and only advantageous when Judging from the throughput, the proposed power control scheme with variable α has an advantage over the measurement based scheme and maximum power. Furthermore, there is always a trade off between throughput and coverage, and from the operator's point of view, coverage is usually more important than throughput [2] . The overall coverage of the selected schemes are compared in Fig. 10 . The overall coverage decreases as the value of α increases in the dynamic scheme with fixed α. The scheme with α = 0 Mbps delivers superior performance. And the scheme with variable α has almost no performance loss comparing to α = 0 Mbps. Meanwhile, it offers more than 10% gain in average throughput. In this context, the advantage of using the dynamic scheme with variable α is clear.
V. CONCLUSION
In this work, simple, decentralized, dynamic power control schemes are presented. The proposed schemes consider different QoS requirements for different services. The interference to MUEs can be suppressed, without degradation of the performance of HUEs. Without strong assumptions, the proposed schemes can be easily implemented. In the simulation, using a variable data rate offset shows almost the best coverage and higher throughput than the scheme with similar coverage.
